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Electrochemical denaturatlon of double**stranded nucleic acid 


This invention relates to processes for the treatment of 
nucleic acid material in order to effect a complete or partial 
5 change from double stranded form to single stranded form and 
to processes of amplifying or detecting nucleic -ids 
involving such denaturation processes. 

Double stranded DNA (deoxyribonucleic acid) and DNA/RNA 
'.ribonucleic acid) and RNA/RNA complexes in the familiar 

10 double helical configuration are stable molecules that, in 
vitro , require aggressive conditions to separate the 
complementary strands of the nucleic acid. Known methods that 
are commonly employed for strand separation require the use 
of high temperatures of at least 60° Celsius and often 100° 
15 Celsius for extended periods of ten minutes or more or use an 
alkaline pH of 11 or higher. Other methods include the use of 
helicase enzymes such as Rep protein of E.coli that can 

catalyse the unwinding of the DNA in an unknown way, or 

binding proteins such as 32-protein of E.coli phage T4 that 
20 act to stabilise the single stranded form of DNA. The 

denatured single stranded DNA produced by the known processes 
of heat or alkali is used commonly for hybridisation studies 
or is subjected to amplification cycles. 

US Patent No 4683202 (Kary B Mullis et al, assigned to 
25 Cetus Corporation) discloses a process for amplifying and 
detecting a target nucleic acid sequence contained in a 
nucleic acid or mixture thereof by separating the 
complementary strands of the nucleic acid, hybridising with 
specific oligonucleotide primers, extending the primers with 
30 a polymerase to form complementary primer extension products 
and then using hose extension products for the further 
synthesis of the desired nucleic acid sequence by allowing 
hybridisation with the specific oligonucleotides primers to 
take place again. The process can be carried out repetitively 
35 to generate large quantities of the required nucleic acid 
sequence from even a single molecule of the starting material. 
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Separation of the complementary strands of the nucleic acid 
is achieved preferably by thermal denaturation in successive 
cycles, since only the thermal process offers simple 
reversibility of the denaturation process to reform the double 
5 stranded nucleic acid, in order to continue the amplification 
cycle- However the need for thermal cycling of the reaction 
mixture limits the speed at which the multiplication process 
can be carried out owing to the slowness of typical heating 
and cooling systems. It also requires the use of special heat 
10 resistant polymerase enzymes from thermophilic organisms for 
the primer extension step if the continuous addition of heat 
labile enzyme is to be avoided. It limits the design of new 
diagnostic formats that use the amplification process because 
heat is difficult to apply in selective regions of a 
15 diagnostic device and it also can be destructive to the 

structure of the DNA itself because the phosphodiester bonds 
may be broken at high temperatures leading to a collection of 
broken single strands. It is generally believed that the 
thermophilic polymerases in use today have a lower fidelity 
20 ie. make more errors in copying DNA than do enzymes from 
mesophiles. It is also the case that thermophilic enzymes such 
as TAQ polymerase have a lower turnover number than heat 
labile enzymes such as the Klenow polymerase from E^coll. In 
addition, the need to heat to high temperatures, usually 90° 
25 Celsius or higher to denature the nucleic acid leads to 

complications when small volumes are used as the evaporation 
of the liquid is difficult to control. These limitations have 
so far placed some restrictions on the use of the Mullis et 
al process in applications requiring very low reagent volumes 
30 to provide reagent economy, in applications where the greatest 
accuracy of copy is required such as in the Human Genome 
sequencing project and in the routine diagnostics industry 
where reagent economy, the design of the assay format and the 
speed of the DNA denaturation/renaturation process are 
important. 


35 
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Denaturation/renaturation cycles are also required in 
order to perform the so-called ligase chain reaction described 
in EP-A-0320308 in which amplification is obtained by ligation 
of primers hybridised to template sequences rather than by 
5 extending them. 

It is known that DNA has electrochemical properties. For 
example, N. L. Palacek (in "Electrochemical Behaviour of 
Biological Mac - ;molecules", Bioelectrochemistry and 
Bioenergetics, x5, (1986), 275-295) discloses the 

10 electrochemical reduction of adenine and cytosine in thermally 
denatured single stranded DNA at about -(minus) 1.5V on the 
surface of a mercury electrode. This reduction process also 
requires a prior protonation and therefore takes place at a 
pH below 7.0. The primary reduction sites of adenine and 
15 cytosine form part of the hydrogen bonds in the Watson-Crick 
base pairs. Palacek was unable to demonstrate reduction of 
adenine and cytosine in intact, native double stranded DNA at 
the mercury electrode. Palacek has further demonstrated that 
to a very limited extent the DNA double helix is opened on the 
20 surface of the mercury electrode at a narrow range of 
potentials centred at -(minus)1.2 V in a slow process 
involving an appreciable part of the DNA molecule. This change 
in the helical structure of the DNA is thought to be due to 
prolonged interaction with the electrode charged to certain 
25 potentials and is not thought to be a process involving 
electron transfer to the DNA. No accumulation of single 
stranded DNA in the working solution was obtained and no 
practical utility fc:r the phenomenon was suggested. Palacek 
also reports that the guanine residues in DNA can be reduced 
30 at -(minus) 1.8 V to dihydroguanine which can be oxidised back 
to guanine at around -(minus)0.3 V. The reducible guanine 
double bond is not part of the hydrogen bonds in the Watson- 
Crick base pairs and this electrochemical process involving 
guanine does not affect the structure of the DNA double helix. 

In an earlier paper F. Jelen and E. Palacek (in 
"Nucleotide Sequence-Dependent Opening of Double-Stranded DNA 
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at an Electrically Charged Surface", Gen. Physiol. Biophys., 
(1985), 4, pp 219-237), describe in more detail the opening 
of the DNA double helix on prolonged contact of the dna 
molecules with the surface of a mercury electrode. The 
mechanism of opening of the helix is postulated to be 
anchoring of the polynucleotide chain via the hydrophobic 
bases to the electrode surface after which the negatively 

phosphate residues of the DNA are strongly repelled 
from the electrode surface at an applied potential close to 
-(minus)1.2 V, the strand separation being brought about as 
a result of the electric field provided by the cathode. There 
is no disclosure of separating the strands of the DNA double 
helix while the DNA is in solution (rather than adsorbed onto 
the electrode) and there is no disclosure of useful amounts 
of single strand DNA in solution. Furthermore, there is no 
disclosure that the nucleotide base sequence of the DNA on the 
electrode is accessible from solution. The bases themselves 
are tightly bound to the mercury surface. A mercury electrode 
is a complex system and the electrode can only be operated in 
"the research laboratory with trained technical staff. 

H W Nurnberg ("Applications of Advanced Voltammetric 
Methods in Electrochemistry" in "Bioelectrochemistry", Plenum 
Inc (New York), 1983, pp. 183-225) discloses partial' helix 
opening of adsorbed regions of native DNA to a mercury 
6l6ctrod6 surface to form a so-called ladder structure. 
However, the DNA is effectively inseparably bound- to or 
adsorbed onto the electrode surface. In this condition, it is 
believed that the denatured DNA is of no use for any 
subsequent process of amplification or hybridisation analysis. 
To be of any use, the denatured DNA must be accessible to 
subsequent processes and this is conveniently achieved if the 
single stranded DNA is available in free solution or is 
associated with the electrode in some way but remains 
accessible to further processes. Nurnberg has not demonstrated 
the ability of the mercury electrode to provide useful 
quantities of single stranded DNA. 
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V. Brabec and K. Niki ("Raman scattering from nucleic 
acids adsorbed at a silver electrode" in Biophysical Chemistry 
(1985), 23, pp 63-70) have provided a useful summary of the 

differing views from several workers on DNA denaturation at 
5 the surface of both mercury and graphite electrodes charged 
to negative potentials. There has emerged a consensus amongst 
the research workers in this field that the denaturation 
process only takes place in DNA that is strongly adsorbed to 
the electrode surface and only over prolonged periods of 
10 treatment with the appropriate negative voltage, a positive 
voltage having no effect on the double helix. 

Brabec and Palacek (J. Electroanal. Chem., 88 (1978) 373- 
385) disclose that sonicated DNA damaged by gamma radiation 
is transiently partially denatured on the surface of a mercury 
15 pool electrode, the process being detectable by reacting the 
single stranded products with formaldehyde so as to accumulate 
methylated DNA products in solution. Intact DNA did not show 
any observable denaturation. 

The present invention provides a process for denaturing 
20 double-stranded nucleic• acid which comprises operating on 
solution containing nucleic acid with an electrode under 
conditions such as to convert a substantial portion of said 
nucleic acid to a wholly or partially single stranded form. 

It has been found that it is possible to produce the 
25 denaturation of undamaged (i.e. non-irradiated) DNA at ambient 
temperature by applying a suitable voltage to a solution in 
which the DNA is present under suitable conditions. 

The mechanism for the process has not yet been fully 
elucidated. It is believed that the process is one in which 
30 the electric field at the electrode surface produces the 
den-turation of the double helix when the DNA is in close 
proximity to the electrode but not bound irreversibly to it. 

The process is found to be readily reversible. In 
polymerase chain reaction processes exemplified hereafter, it 
is shown that the denatured DNA produced by the denaturing 
process of the invention is immediately in a suitable state 
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for primer hybridisation and extension. On a larger scale, 
it is found that samples of denatured DNA produced using a 
negative voltage electrode can be caused or encouraged to 
renature by reversal of the voltage or by incubation at a 
higher temperature to encourage reannealing. 

Preferably, according to the invention, the single 
stranded nucleic acid produced is free from the electrode, 
e.g. in solution. However, the nucleic acid mav be 
immobilised on the electrode in double or single stranded form 

the application of the electric potential, e.g. 
attached by the end or a small portion intermediate the ends 
nucleic acid chain, so as to leave substantial segments 
of the nucleic acid molecules freely pendant from the 
electrode surface before and after denaturation. 

Preferably, a potential of from -0.5 to -1.5 V is applied 
to said working electrode with respect to the solution, more 
P re f^ ra kly from —0.8 to —1.1 v, e.g. about -1.0 V. 

Working electrode voltages are given throughout as if 
measured or as actually measured relative to a calomel 
reference electrode (BDH No. 309.1030.02). 

In addition to said electrode and a counter-electrode, 
a reference electrode may be contacted with said solution and 
a voltage may be applied between said electrode and said 
counter-electrode so as to achieve a desired controlled 
voltage between said electrode and said reference electrode. 
The electrodes may be connected by a potentiostat circuit as 
is known in the electrochemical art. 

ionic strength of said solution is preferably no more 
than 250 mM, more preferably no more than 100 mM. As it has 
been found that the rate of denaturation increases as the 
ionic strength is decreased, the said ionic strength is still 
more preferably no more than 50 mM, e.g. no more than 25 mM 
or even no more than 5 mM. Generally, the lower the ionic 
strength, the more rapid is the denaturation. However, in 
calculating ionic strength for these purposes it may be 
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appropriate to ignore the contribution to ionic strength of 
any component which acts as a promoter as described below. 

The solution me*- contain or the electrode may have on its 
surface a promoter compound which assists said denaturation. 

5 Although the invented process can t 2 place in a 

solution containing only the electrode and tiie nucleic acid 
dissolved in water optionally containing a suitable buffer, 
the process can be facilitated by the presence in the solution 
containing the nucleic acid of such a promoter compound. 

10 The compound may act as a promoter serving either to 

destabilise the double-stranded nucleic acid, for instance by 
interca ation into the double helix, or to stabilise the 
single- branded form, or else to facilitate interaction 
between the electrode surface and the nucleic acid. By way 
15 of analogy, it has been found that 4,4 '-bipyridyl promotes the 
reduction of cytochrome C at a gold electrode even though 
bipyridyl is in itself electroinactive at the voltages used. 
(M.J. Eddowes and H.A. Hill, J. Chem. Soc. Chem. Conunun. 
(1977), 771). 

20 The promoter may be any inorganic or organic molecule 

which increases the rate or extent of denaturation of the DNA 
double helix. It should be soluble in the chosen solvent. 
It preferably does not affect or interfere with DNA or other 
materials (such as enzymes or oligonucleotr • probes) which 
25 may be present in the solution. Alternati the promoter 

may be immobilised to or included in the material from which 
the electrode is constructed. 

In experiments, it has been found that the promoter may 
be a water soluble compound of the bipyridyl series, 
30 especially a viologen such as methyl viologen or a salt 
thereof. 

It is believed that the positively charged viologen 
molecules interact between the r. jatively charged DNA and the 
negatively charged cathode to reuuce electrostatic repulsion 
therebetween and hence to promote the approach of the DNA to 
the electrode surface where the electrical field is at its 
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stron^st - Accordingly, we pr&fsr to sniploy ss promoters 
compounds having spaced positively charged centres, e.g. 
bipolar positively charged compounds. Preferably, the spacing 
between the positively charged centres is similar to that in 
viologens- Other suitable viologens include ethyl viologen 
isopropyl viologen and benzyl viologen. 

The process may be carried out in an electrochemical cell 
of the type described by C. J. Stanley, M. Cardosi and a.p.f 
T urner "Amperometric Enzyme Amplified Immunoassays" j. 
Immunol. Meth (1988) 112, 153-161 in which there is a working 
electrode, a counter electrode and optionally a reference 
electrode. The working electrode at or by which the denaturing 
nucleic acid is effected may be of any convenient material 

e.g. a noble metal such as gold or platinum, or a glassy 
carbon electrode. 

The electrode may be a so called "modified electrode" in 
which the denaturing is promoted by a compound coated onto, 
or adsorbed onto, or incorporated into the structure of the 
electrode which is otherwise of an inert but conducting 
material. In an alternative electrochemical cell 

configuration the working, counter and reference electrodes 
may be formed on a single surface e.g. a flat surface by any 
printing method such as thick film screen printing, ink jet 
printing, or by using a photo-resist followed by etching. It 
is also possible that the working and reference electrodes can 
be combined on the flat surface leading to a two electrode 
configuration where the reference also acts as the counter. 
Alternatively the electrodes may be formed on the inside 
surface of a well which is adapted to hold liquid, such a well 
could be the well known 96 well or Microtitre plate, it may 
also be a test tube or other vessel. Electrode arrays in 
Microtitre plates or other moulded or thermoformed plastic 
materials may be provided for multiple nucleic acid 
denaturation experiments. 

The strand separation may be carried out in an aqueous 
medium or in a mixture of water with an organic solvent such 
as dimethylformamide• The use of polar solvents other than 
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water or non-polar solvents is also acceptable but is not 
preferred. The process may be carried out at ambient 
temperatures or if desired temperatures up to adjacent the 
pre-melting temperature of the nucleic acid. The process may 
be carried out at pH 1 s of from 3 to 10 conveniently about 7. 
Generally, more rapid denaturation is obtained at lower pH. 
For some purposes therefore a pH somewhat b*low neutral, e.g 
about pH 5.5 may be preferred. The nucleic acid may be 
dissolved in an aqueous solution containing a buffer whose 
nature and ionic strength are such as not to interfere with 
the strand separation process. 

The denaturing process according to the invention may be 
incorporated as a step in a number of more complex processes, 
e.g. procedures involving the analysis and or the 
amplification of nucleic acid. Some examples of such 
applications are described below. 

The invention includes a process for detecting the 
presence or absence of a predetermined nucleic acid sequence 
in a sample which comprises: denaturing a sample double- 
stranded nucleic acid by means of a voltage applied to the 
sample in a ■ ^lution by means of an electrode; hybridising ;he 
denatured nucleic acid with an oligonucleotide probe for the 
sequence; and determining whether the said hybridisation has 
occurred. 

Thus, the invented process has application in DNA and RNA 
hybridisation where a specific gene sequence is ' to be 
identified e.g. specific to a particular organism or specific 
to a particular hereditary disease of which sickle cell 
anaemia is an example. To detect a specific sequence it is 
first necessary to prepare a sample of DNA, preferably of 
P urif ied DNA, means for which are known, which is in native 
double stranded form. It is then necessary to convert the 
double stranded DNA to single stranded form before a 
hybridisation step with a labelled nucleotide probe which has 
a complementary sequence to the DNA sample can take place. The 
denaturation process of the invention can be used for this 
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purpose 


XU 


preferred manner’ by carrying 


wixu cne 


roliowing 


streps: 

denaturing a sample of DMA by applying a voltage by 
means of an electrode to the sample dna with optionally 
a promoter in solution or bound to or part of the 
structure of the electrode; 

hybridising the denatured dna with a directly labelled 
or indirectly labelled nucleotide probe complementary to 
the sequence of interest; and 

determining whether the hybridisation has occurred 

which determination may be by detecting the presence of 

t e probe, the probe being directly radio-labelled 

uorescent labelled, chemiluminescent labelled or 

enzyme-labelled or being an indirectly labelled probe 

w xch carries biotin for example to which a labelled 

avidin or avidin type molecule can be bound later. 

In a typical DNA probe assav s -t- „ 

y assay it is customarv to 

o i ise the sample DNA to a membrane surface which may be 
composed of neutral or charged nylon or nitrocellulose. The 

13 aChieVBd by Char se interaction, or by bating 
e membrane containing DNA in a„ oven. The s , mple Dm can be 

heated to high temperature to ensure conversion to single 

stranded form before binding to the membrane or it can be 

reeted with alhali once on the membrane to ensure conversion 

the single stranded form. The disadvantages of the present 
methods are: 

heating to high temperatures to create single 

stranded dna can cause damage to the sample DNA 
itself. 

the use of alkali requires an additional step of 
neutralisation before hybridisation with the 
labelled probe can take place. 

One improved method for carrying out DNA probe 
y n isation essays is the so celled "sandwich" technique 
where a specific oligonucleotide is immobilised on e surface 
The surface having the specific oligonucleotide thereon is 
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then hybridised with a solution containing the target DNA in 
a single-stranded form, after which a second labelled 
oligonucleotide is then added which also hybridises to the 
target DNA. The surface is then washed to remove unbound 
labelled oligonucleotide, after which any label which has 

become bound to target DNA on the surface can be detected 
later. 

This procedure can be simplified by using the denaturing 
process of the invention to denature the double-stranded DNA 
into the required single-stranded DNA. The working electrode, 
counter electrode and optionally a reference electrode and/or 
a promoter can be incorporated into a test tube or a well in 
which the DNA probe assay is to be carried out. The DNA sample 
and oligonucleotide probes can then be added and the voltage 
spplisd to denature the DNA. The resulting single—stranded 
DNA is hybridised with the specific oligonucleotide 
immobilised on the surface after which the remaining stages 
of 3 sandwich assay are carried out• All the above steps can 
take place without a need for high temperatures or addition 
of alkali reagents as in the conventional process. 

The electrochemical denaturation of DNA can be used in 
the amplification of nucleic acids, e.g. in a polymerase chain 
reaction or ligase chain reaction amplification procedure. 
Thus the present invention provides a process for replicating 
a nucleic acid which comprises: separating the strands of a 
sample double stranded nucleic acid in solution under the 
influence of an electrical voltage applied to the solution 
from an electrode; hybridising the separated strands of the 
nucleic acid with at least one oligonucleotide primer that 
hybridises with at least one of the strands of the denatured 
nucleic acid; synthesising an extension product of the or each 
primer which is Swrficiently complementary to the respective 
strand of the nucleic acid to hybridise therewith; and 
separating the or each extension product from the nucleic acid 
strand with which it is hybridised to obtain the extension 
product. 
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In such a polymerase mediated replication procedure, e.g 
a polymerase chain reaction procedure, it may not be necessary 
in all cases to carry out denaturation to the point of 
producing wholly single-stranded molecules of nucleic acid 
5 It may be sufficient to produce a sufficient local and/or 
temporary weakening or separation of the double helix in the 
primer hybridisation site to allow the primer to bind to its 
target. Once the primer is in position on a first of the 
target strands, rehybridisation of the target strands in the 
10 prrmer region will be prevented and the other target strand 
may be progressively displaced by extension of the primer or 
by further temporary weakening or separation processes. 

Preferably, the said amplification process further 
comprises repeating the procedure defined above cyclicly, e.g. 
15 for more than 10 cycles, e.g. up to 20 or 30 cycles. in the 
amplification process the hybridisation step is preferably 
carried out using two primers which are complementary to 
different strands of the nucleic acid. 

The denaturation to obtain the extension products as well 
20 as the original denaturing of the target nucleic acid is 
preferably carried out by applying to the solution of the 
nucleic acid a voltage from an electrode. 

The process may be a standard or classical PCR process 

for amplifying at least one specific nucleic acid sequence 

25 contained in a nucleic acid or a mixture of nucleic acids 

wherein each nucleic acid consists of two separate 

complementary strands, of equal or unequal length, which 
process comprises: 

(a) treating the strands with two oligonucleotide primers, 
30 for each different specific sequence being applied, under 
conditions such that for each different sequence being 
amplified an extension product of each primer is synthesised 
which is complementary to each nucleic acid strand, wherein 
said primers are selected so as to be substantially 
complementary to different strands of each specific sequence 
such that the extension product synthesised from one primer. 
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when at Is separated from its complement, can serve as a 

template for synthesis of the extension product of the other 
primer: 

(b) separating the primer extension products from the 

templates on which they were synthesised to produce single- 

stranded molecules by applying a voltage from an electrode to 
the reaction mixture: and 

(c) treating the single-stranded molecules generated from 
step (b) with the primers of step (a) under conditions such 
that a primer extension product is synthesised using each of 
the single strands produced in step (b) as a template. 

Alternatively, the process may be any variant of the 

classical or standard PCR process, e.g. the so-called 

"inverted" or "inverse" PCR process or the "anchored" PCR 
process. 

The invention therefore includes an amplification process 
as described above in which a primer is hybridised to a 
circular nucleic acid and is extended to form a duplex which 
is denatured by the denaturing process of the invention, the 

amplification process optionally being repeated through one 
or more additional cycles. 

More generally, the invention includes a process for 
amplifying a target sequence of nucleic acid comprising 
hybridisation, amplification and denaturation of nucleic acid 
(e.g. cycles of hybridising and denaturing) wherein said 
denaturation is produced by operating on a solution containing 
said nucleic acid with an electrode. 

The process of the invention is applicable to the ligase 
chain reaction. Accordingly, the invention includes a process 
for amplifying a target nucleic acid comprising the steps of: 

(a) providing nucleic acid of a sample as single-stranded 
nucleic ac-^d; 

(b) providing in the sample at least four nucleic acid 
probes, wherein: i) the first and second of said probes are 
primary probes, and the third and fourth of said probes are 
secondary nucleic acid probes; ii) the first probe is a single 
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strand capable of hybridising to a first segment of a primary 
strand of the target nucleic acid; iii) the second probe is 
a single strand capable of hybridising to a second segment of 
sa; ^ primary strand of the target nucleic acid; iv) the 5' end 
of the first segment of said primary strand of the target is 
positioned relative to the 3' end of the second segment of 

primary strand of the target to enable joining of the 3 * 
end of the first probe to the 5' end of the second probe, when 
said probes are hybridised to said primary strand of said 
^ ar P e ^ nucleic acid; v) the third probe is capable of 
hy^^^-dising to the first probe; and iv) the fourth probe is 
capable of hybridising to the second probe; and 

(c) repeatedly or continuously: i) hybridising said probes 
with nucleic acid in said sample; ii) ligating hybridised 
probes to form reorganised fused probe sequences; and iii) 
denaturing DNA in said sample by applying a voltage from an 
electrode to the reaction mixture. 

In all of the amplification procedures described above 
the denaturation of the DNA to allow subsequent hybridisation 
with the primers can be carried out by the application of an 
a PP^‘^P^'^‘ a ^*® potential to the electrode. The process may be 
carr -*- ec ^ out stepwise involving successive cycles of 
denaturation or renaturation as in the existing thermal 
methods of PCR and LCR, but it is also possible for it to be 
carr ^ e< ^ ou_ t continuously since the process of chain extension 
or ligation by the enzyme and subsequent strand separation by 
the electrochemical process can continue in the same reaction 
as nucleic acid molecules in single—stranded form will be free 
to hybridise with primers once they leave the denaturing 
influence of the electrode. Thus, provided that the primer 

hybridise with the DNA an extension or ligation product 
will be synthesised. The electrochemical DNA amplification 
technique can be used analytically to detect and analyse a 
very small sample of DNA eg a single copy gene in an animal 
cell or a single cell of a bacterium. 
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The invention includes a kit for use in a process of 
detecting the presence or absence of a predetermined nucleic 
acid sequence in a sample which kit comprises, an electrode, 
a counter electrode and optionally a reference electrode, and 
an oligonucleotide probe for said sequence. The probe may be 
labelled in any of the ways discussed above. 

The invention also Includes a kit for use in a process 

of nucleic acid amplification compr... -ing an electrode, a 

counter electrode and optionally a reference electrode, and 

at least one primer for use in a PCR procedure, or at least 

one primer for use in an LCR procedure, and/or a polymerase 

or a ligase, and/or nucleotides suitable for use in a pcr 
process• 

Preferably, such kits includes a cell containing the 
electrodes. Preferably the kits include a suitable buffer for 
use in the detection or amplification procedure. 

The invention will now be described with reference to the 
following drawings and examples. 

Figure 1 is a diagram of an electrochemical cell used for 
denaturation of DNA; 

Figure 2 is a drawing of an electropnoresis gel showing 
the movement of single and double stranded DNA; 

Figure 3 ir a diagram of a electrophoresis gel showing 
the electrical denaturation of calf thymus DNA in the absence 
of any promoter such as methyl viologen; 

Figure 4 is a diagram of a electrophoresis gel 'showing 
the renaturation of denatured calf thymus DNA; 

Figure 5 is a drawing of an electrophoresis gel showing 
the time course of the thermal denaturation of linear double 
stranded DNA from the bacteriophage M13; 

Figure 6 is a drawing of an electrophoresis gel showing 

the time course of the electrical denaturation of linear M13 
DNA; 

Figure 7 is a drawing of an electrophoresis gel showing 
a comparison of a thermally amplified segment of M13 with an 
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equivalenr 


electrically amplified 


segment: 




mj 


an 


rne 


presence of methyl viologen, 

Figure 8 is e drawing of an electrophoresis gel showing 

a comparison of a thermally amplified segment of M13 with an 

equivalent electrically amplified segment in the absence of 
methyl viologen. ce of 

Figure 9 is a drawing of an electrophoresis gel showing 

a fragment of ' bluescript' DNA amplified using electrical pcr 
m the presence of methyl viologen; and 

amnl • 10 ^ 3 ' 3raVing ° f "" electrophoresis gel showing 

amplified fragments of two 'bluescript■ DNA's produced by 

electrical PCR in the absence of methyl viologen. 

In Figure 1 there is shown a cell structure 10 comprising 
working compartment 12 in which there is a body of 
DNA—containing solution, a working electrode 14. a counter 
e ectrode 16, a FiVac seal 19, a Kwik fit adaptor 21 and a 
magnetic stirrer 18. A reference electrode 20 in a separate 
side arm is connected via a "luggin" capillary 23 to the 
solution in the sample 12. The working electrode, counter 
electrode and reference electrode are connected together in 
potentiostat arrangement so that a constant voltage is 
maintained between the working electrode 14 and the reference 
electrode 20 . such potentiostat arrangements are well known 

(see for example "Instrumental Methods in Electrochemistry" 
y the Southampton Electrochemistry Group, 1985, John Wiley 

and Sons, p 19). . y 

The electrode 14 is a circular glassy carbon rod of 
diameter 0.5 cm. narrowing to 0.25 cm at a height of lOmM, and 
having an overall length of 9 cm inside a teflon sleeve of 
outside diameter 0.8cm (supplied by Oxford Electrodes 18 
Alexander Place, Abingdon. Oxon), and the reference electrode 
16 is a 2 mm pin calomel (supplied by BDH No 309/1030/02) 
The counter electrode is supported by a wire which is soldered 
to a brass sleeve 25 above the adaptor and passes down and 
exits the teflon sleeve 20 mm from the base of the working 
electrode. The wire attaches to a cylindrical platinum mesh 
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counter-electrode supplied by Oxford Electrodes which 
annularly surrounds the working electrode. 

This cell is used in the following examples. 

EXAMPLE 1 

In this example of DNA denaturation, the two met! is of 
thermal and electrical denaturation have been compare.-. To 
achieve electrical denaturation, 1.60 ml of a solution of 
methyl viologen dichloride at lmg/ml in distilled water 
(adjusted to pH 7 by titration with 0.1 M sodium hydroxide) 
was added to the working compartment of the electrochemical 
cell described above. The reference arm of the cell in which 
the reference electrode 20 resides contained 0.4 ml of this 
solution. A sample of 120 pi of a stock solution of calf 
thymus DNA (Sigma Chemical Company catalogue number: D4522, 
average fragment size 5,000 bases) at 1 mg/ml in distilled 
water (the pH was not adjusted) was added to the working 
chamber of the electrochemical cell to give a 70 pg/ml final 
DNA concentration. The total ionic strength of the solution 
was calculated to be approximately 5 mM. A voltage of 

-(minus)1.0 V was applied between the working electrode and 
the reference electrode. 

The electrochemical cell was left for 16 hours t room 
temperature (22®C) with continuous gentle stirring. On 

applying the potential to the working electrode 14 the blue 
colour of reduced methyl viologen was observed in the 
immediate vicinity of the working electrode. A 100 pi sample 
from the working compartment of the electrochemical cell was 
taken at the end of the experiment and prepared for gel 
electrophoresis analysis by mixing with 20 pi of gel loading 
buffer which was the same as is described below fox the gel 
itself which also contai: jd 0.25 % (w/v) bromophenol blue (BDH 
Indicators 2o0170), 0.25 % (w/v) xylene cyanol (Sigma X2751), 
and 30 % (v/v) glycerol (BDH AnalaR 100118). The mixtures 
were stored on ice prior to loading 10 pi samples in the wells 
cast in an agarose electrophoresis gel. 

For the thermal denaturation experiment the DNA solution 
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3t 1 mg/ml in distilled water (the pH was not adjusted) was 
heated to 100°C for 10 minutes in a boiling water bath. The 
tube containing the thermally denatured DNA was then removed 
from the water bath and placed immediately into a beaker 
5 containing an ice/water mix to ensure rapid cooling to prevent 
renaturation of the sample back to the double stranded form. 
A 100 pi sample of the thermally denatured DNA solution was 
prepared for gel electrophoresis by mixture with 20 pi of gel 
loading buffer which contained 0.25% (w/v) bromophenol blue, 
10 0.25 % (w/v) xylene cyanol and 30 % (w/v) glycerol. 

Native intact calf thymus DNA was also prepared for gel 
electrophoresis by mixing 100 pi of the starting solution of 
DNA (before thermal or denaturation) with 20 pi of gel loading 
buffer and stored on ice until required. 

15 The 9 el < a section of which is shown in Figure 2) had a 

number of wells 30 into which the samples could be loaded, and 
10 pi samples were placed into individual wells. The gel had 
a total volume of 50 ml and was 10 cm wide and 75 cm long; it 
was 0.5 % (w/v) agarose in 0.089 M tris buffer pH 8.0 

20 containing 0.1 M borate and 0.01 M sodium EDTA. The gel was 
run for 85 minutes at an applied constant voltage of 55 volts 
using a power supply from Pharmacia No 500/400. The gel was 
then removed from the electrophoresis apparatus and stained 
by addition of 0.75 ml of ethidiura bromide (Pharmacia No 1840- 
25 501, lot 9503860E) at 20 pg/ml in distilled water. After 

staining for 30 minutes the gel was washed in distilled water. 

The stained gel was trans-illuminated with ultraviolet light 
and then photographed with a Polaroid instant camera system 
using a red filter to reduce background from the uv source. 

The gel shown in Figure 1 has samples A, b and C. 
Sample A was the starting material used in the test (calf 
thymus DNA). Sample B was a sample of calf thymus DNA which 
had been electrically denatured according to the invention and 
sample C was a sample of thermally denatured DNA. The DNA 
stain ethidium bromide becomes fluorescent when it 
intercalates into the double helical structure of intact 
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native DNA. Hence it can be used to identify the double 
stranded DNA in Figure 1. As the DNA is denatured it becomes 
progressively single stranded and the efficiency of staining 
with ethidium bromide decreases. However, there is still some 
residual staining of single stranded calf thymus DNA, probably 
because there is still some ordering of the bases or even some 
regions which remain double stranded to which ethidium bromide 
can bind. Therefore the stain is still useful in detecting 
denatured DNA as well as intact DNA. in Figure 1 it will be 

noted that the samples B and C are of much higher mobility 

than sample A through the gel indicating that the DNA after 

thermal denaturation and after electrical reduction has 

s ilar physical characteristics, showing a denaturation to 

tne single stranded form which runs faster in this gel system. 

Similar results have been obtained using gold and platinum 
working electrodes. 

EXAMPLE 2 

Example 1 was repeated as before, but DNA samples were 
taken after 15 minutes, 3 hours and 22 hours treatment in the 
electrochemical cell in order to provide a time course of the 
denaturation of the DNA. During sampling from the cell the 
potentiostat was switched to a dummy cell represented by a 
resistor. A gradual progressive denaturation of the DNA into 
the faster mig.--ting form on the gel was observed. The gel 
pattern after 15 minutes (not shown) is interpreted to 
represent a mixture of partially and fully denatured DNA but 
no evidence of wholly native DNA was seen, anu in later 

samples the proportion of fully denatured DNA continue' to 
increase. 


EXAMPLE 3 

In a numb - of runs at varying : motor concentrations 
and at a fixed DNA concentration of 20 pg/ml in the 
electrochemical cell and at an ionic strength of is mM to 150 
mM the rate of DNA denaturation was found to be greatly 
accelerated by increasing the promoter concentration from 3 
to 30 mg/ml. At the higher concentration denaturation of the 
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DNA was almost complete in 15 minutes only, in this example 

the overwhelmingly predominant source of ionic strength is the 
promotor itself. 

EXAMPLE 4 


At a fixed promoter concentration of 3 mg/ml and at an 
ionic strength of 15 mM (derived essentially from the 
promoter) the rate of denaturation at various dna 
concentrations was assessed. The results show that at 4 pg/ml 
DNA the denaturation time was reduced to under 0.5 hours (as 
assessed by the disappearance of the double stranded. DNA band 
oh the electrophoresis gel). 

The foregoing Examples demonstrate that the ratio of DNA 
to the promoter methyl viologen affects the rapidity and 
completeness of the denaturation of the DNA. These Examples 
were carried out at low ionic strength in distilled water. 
Repeating these Examples at higher ionic strength, i.e. 10 to 
250 mM NaCl, lengthened the denaturation time of the DNA in 
solution by electrical means. This is attributed to the 
additional stabilisation that salt provides to the double 
helical structure of DNA. 

foregoing Examples have also been repeated following 
exactly the procedure described above for calf thymus DNA with 
other whole genomic DNA samples from salmon testes DNA (Sigma 
No D1626) and with human placental DNA (Sigma No D7011). 
Exactly the same results were obtained on the agarose 
electrophoresis gel with these alternative DNA sources. 
EXAMPLE 5 


3 shows the results of an electrical DNA 
denaturation carried out according to the methods described 
above but without the inclusion of the methyl viologen 
promoter. The ionic strength was less than 1 mM and the calf 
thymus DNA concentration was 70 pg/ml. The electrochemical 
cell was left for a total of 20 hours at ambient temperature 
(22°C) with continuous gentle stirring at a potential of - 
(minus) 1.0 V on the working electrode. Samples were taken 
from the cell at 1 hour, 3 hours and 4 hours as well as at the 
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end of the procedure. During the sampling of the DNA solution 

from the cell the potentiostat was switched to a dummy cell 

represented by a resistor in order to avoid current surges. 

The gel m Figure 3 shows that denaturation of the calf thymus 

DNA to the single stranded form does indeed occur in the 

absence of promoter, but the rate of the process was much 

slower than that observed with methyl viologen present. Track 

A is the starting material. Track B is after 1 hour. Track C 

after 3 hours. Track D after 4 hours and Track E after a total 

of 20 hours at -(minus)1 V. Some limited denaturation of the 

DNA was observed within 1 hour but considerable amounts of 

intact double stranded DNA were still visible after 4 hours 

and only disappeared after overnight incubation. 

EXAMPLE 6 


Figure 4 shows the results from a renaturatlon procedure 
m which electrically denatured DNA has been treated under the 
appropriate thermal and electrical condition to recover the 
original double stranded DNA. To an electrochemical cell of 
the type shown in Figure 1, 2.45 ml of distilled water was 
added to the working compartment and 0.2 ml c ' distilled water 
was added to the reference compartment. To the working 
compartment were added 250 pi of calf thymus DNA ac 1 mg/ml 
m distilled water (pH not adjusted) and 100 pi of a solution 
of methyl violoaen at 100 mg/ml in distilled water (pH 
adjusted to pH 7 ..ith 0.1 M sodium hydroxide). The final DNA 
concentration in the solution was 90 pg/ml and the promoter 
3.5 mg/ml. The ionic strength was approximately 15 mM derived 
essentially from the promoter. After gentle stirring of the 
contents of the cell with the magnetic stirring bar, a 100 pi 
sample was taken ...id stored on ice or frozen at -(minus) 20 

The elec~rodes were pos.’ :ioned in the cell, as 
illustrated in Figure 1, and a voltage of -(minus )1 v was 
applied to the working electrode. The contents of the cell 
were stirred gently with the magnetic stirring bar and the 
conversion of the DNA to the single stranded form continued 
for 90 minutes at ambient temperature (22 °C). After 90 
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ramutes the cell was switched to dummy and two 100 pi samples 
were taken, one sample was stored on ice the second was 
incubated at 55 C in a water bath after addition of 2 pi 0 f 
10 times concentrated "reannealing buffer" (final 
concentration 20 mM NaCI, 2 mM Tris HC1 p H 8.7, 0.2 mM EDTA) 
for 25 hours. The voltage at the working electrode was 
reversed to +(plus)l V and treatment of the DNA solution in 
the electrochemical cell proceeded for a further 25 hours 
After this second time period 100 pi of the DNA solution was 
removed from the cell and stored on ice. Each of the 4 100 
Hi samples was mixed with 20 pi of gel loading buffer 
described above and stored on ice until required for 

electrophoresis. 

Figure 4 is an agarose gel run exactly as described above 

showing the four DNA samples; A is the starting intact calf 

thymus material, B is the electrically denatured material, c 

is the electrically denatured and subsequently electrically 

renatured material, □ is the electrically denatured material 

which was subsequently thermally renatured. It can be seen 

rom the gel that both the electrically denatured thermally 

renatured and electrically denatured electrically renatured 

DNA returns to the original mobility of the double stranded 
starting material. 

EXAMPLE 7 

This example illustrates that a bacteriophage genome can 
e electrically denatured to a single stranded form in a 
manner analogous to the thermal method. Bacteriophage M13 
<M13mpl8RFl Double stranded form supplied by CP Laboratories 
PO Box 22, Bishop’s Stortford, Herts, UK) was employed. M 13 
is in circular form which can adopt a number of different 
coiled and supercoiled configurations. This leads to a 
complex set of bands on the agarose electrophoresis gel. 

herefore the gel pattern was simplified to a single band by 
subjecting M13 to a restriction digest with the enzyme BgL I 
which has only one restriction site on the Ml 3 genome. To one 
vial of M13 as supplied by CP Laboratories (containing 10 pg 
o Ml3 m 100 pi of buffer 10 mM Tris HC1 pH 7.5 1 mM EDTA) 
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10 pi of ' restriction buffer' was added (0.1 M Tris HC1 pH 
7.9, 0.01 M Magnesium Chloride, 0.05 M Sodium Chloride) and 
6 pi of restriction enzyme (a stock at 8,000 U/ml supplied by 
CP Laboratories No 143S). The solution was incubated at 37°C 
in a water bath for 16 hours. To ensure the linearisation was 
complete 1 pi of the treated DNA was mixed with 3 pi Q f 
distilled water and 1 pi of gel loading buffer (described 
earlier) was run on a 1% agarose gel. If more than one band 
was seen after electrophoresis at 10C mA for l hour and 
subsequent staining, the DNA was redigested. Once linearity 
was determined the M13 was precipitated by adding 125 pi of 
1 M magnesium chloride, 25 pi of 3 M sodium acetate and 125 
pi of absolute ethanol (AnalaR grade from BDH Ltd, Poole, UK). 
The mixture was frozen in dry ice for 20 minutes for 16 hours 
and the precipitate was collected by 15 minute centrifugation 
after thawing. The pellet was washed with 0.15 ml of 70% 
(v/v) ethanol and collected again by centrifugation. Finally 
the pellet was dried under vacuum for 15 minutes and 
resuspended in 100 pi of distilled water. 

The linearised Ml3 DNA was then subjected to both thermal 
and electrical denaturation. A series of tubes was set up. 
The series of 6 tubes contained 1 pi M13 DNA with 4 pi of 
distilled water. One tube was placed on ice, and the other 
tubes were heated for 2,4,6,8,10 minutes in a boiling water 
bath. After a brief period of centrifugation the tubes were 
placed on ice (to prevent renaturation of the thermally 
denatured DNA). To each tube 1 pi of gel loading buffer was 
added. Before being loaded and subsequently run on a 1% 

agarose gel at 100 mA for 1 hour each tube was briefly 
vortexed. 

Figure 5 shows the results from this thermal 
denaturation. Track A is the starting material (0 minutes at 
100*C), Track B is 2 minutes at 100°C, Track C is 6 minutes 
at 100°C. 

It can be clearly seen from the gel that the intact 
double stranded M13 rapidly disappears (within 4 minutes) frc., 
the gel as it denatures to single stranded form which does not 
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in ethidium bromide stain with high efficiency a , . 

smear remains on the gel with a higher mobility rha 

double stranded DNA and this may be the very faLt^ natlVe 
single stranded material. * aintly stained 

distilTat^ir^derr^ 10 " EXPe “' «° Ml Of 

Illustrated in yi^er V^^rroTTr 1 ““ “ 

methyl viologen in distilled water was added 9 l" SOlUtl ° n ° £ 

of linearised M13 to the electrochemical cell “The Tl ^ ^ 

was then mixed gently using the stirring bar. A potential 1 ”? 
-(minus) 1.0 V was applied to the working electrode <s ° 

g red. The DNA was precipitated by adding 5 ul of 1 „ 

Magnesium Chloride, 25 ul of -5 m * R * 1 M 

. ' Vi-L or 3 M Ammonium Acetate and t 

of absolute (innsr ^ t ^ 125 pi 

(lOO%) Ethanol to each sample. The DM r fn -* 

was collected by freezing on dry ice and *“ 
described above The centrifuging as 

distilled - ” aS resus P en ded i„ 10 ^ of 

aistilled water and sublected to ^ or 

J crB ° to 9el electrophoresis. 

Figure 6 shows tho 

time course of the * i 

denaturation of M13 Tragic a • electrical 

B is after . , S th ® sl:artin g material. Track 

fter 5 minutes, Track c is afi-pr ic 

Shows the loss of tha Ki minutes. The gel 

the double stranded DNA structure . , 

disappeared by 15 minutes and th which has 

r minutes and the appearance of the faint! v 
stained single stranded smear. faintly 

EXAMPLE fl 

Figure 7 shows the result? «, , 

polymerase chain reaction (PCR) carried 
of the promoter methyl yiologen. 

30 pi of a methyl viologen stock at 100 mg/ml (so th. 
working concentration of methvi , . . g/ 1 (so the 

Ml Of stock linearT, * V “ l0B " n WaS 3 "W/-1) and 50 

linear M13 were added to 920 ul distiliod 

(PH not adjusted) in the working compartment of the 

gentle stirring achieved by a stirring bar. 200 ulof 

mg/ml solution of methyl viologen was added to the refe 3 
electrode compartment of the cell A1 , reference 

procedure were carried out at amh, r' PartS ° f thiS 

t: at ambient temperature ( 22°C). For 
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the initial cycle of the polymerase chain reaction a voltage 
of -(minus) 1 v was applied for 7 minutes and it was observed 
that the reduced form of the promoter methyl viologen was 
produced and accumulated such that all the liquid became blue. 
Then the potentiostat was switched to dummy. The 

working/counter electrode was removed from the cell and the 
solution left stirring for 3 minutes and it was observed that 
the blue colour rapidly disappeared during this period. 

Reagents were then added to the cell, with the stirrer 
bar still stirring, namely byl of primer (M13 Sequencing 
primer (-47)24 mer 5’(CGCCAGGGTTTTCCCAGTCACGAC)3' supplied by 
ALTA Biosciences, University of Birmingham, UK as a 5 yg 
lyophilised powder) at a final concentration of 78 pmol, 6pl 
or reverse primer M13 Reverse Sequencing primer (-24)16mer 
5 1 d(AACAGTCATGACCATTG) 3' supplied as a 5 yg lyophilised 
powder) at a final concentration of 78 pmol, 13 yi of 
dec -cynucleotide triphosphate mix (each dNTP present at a final 
concentration of 26ym, supplied by Pharmacia Ltd., Midsummer 
Boulevard, Milton Keynes, UK), 4 yl, buffer mix (at final 
concentration of 6.6 mM Tris HC1 pH8, 1 mM MgCl 2 ) and then 10 
yl of Klenow DNA polymerase (supplied by GP Laboratories, as 
5,000 U/ml, and Northumbrian Biologicals Ltd. Cramlington 
Northumberland, as 5,000 U/ml). Excluding the promotor the 
ionic strength war therefore about 20 mM. There was then a 
7 minute incubation, with gentle stirring for the first 1 
minute and no stirring for the next 6 minutes. 

Then the working/counter electrode was replaced and the 
second cycle of the polymerase chain reaction started by 
-(minus) 1 v being applied for 5 minutes and it was observed 
that the reduced form of the promoter methyl viologen was 
produced and accumulated such that all the liquid became blue. 
Then the potentiostat was switched to dummy. The 

working/counter electrode was removed from the cell and the 
solution left stirring for 3 minutes and it was observed that 
the blue colour rapidly disappeared during this period. 
Reagents were then added to the cell, with tha stirrer bar 
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still stirring, i.e. 13 pi of deoxynucleoti.de triphosphate mix 

(details as above) and then 2.5 pi of Klenow DMA polymerase 

(details as above). There was then a 7 minute incubation, 

with gentle stirring for the first 1 minute and no stirring 
ror the next 6 minutes * 

The second cycle was repeated as third to tenth cycles, 
omitting the adding of reagents at the end of the tenth cycle ^ 

A sample was taken from the working compartment of the 
cell (750 pi) and it was split into sub-samples for ease of 
processing (3 x 250 pi), then to each tube was added 50 pi l 
M Magnesium Chloride, 98 pi 3 M Sodium Acetate and 500 pi i 0 0% 
Ethanol. The samples were frozen on dry ice for 20 minutes 
and then after thawing centrifuged for 15 minutes to obtain 
a pellet. The pellet was washed with 250 pi of 70% ethanol 
and centrifuged as described before. The pellet was dried 
under vacuum for 15 minutes and then the pellet in each tube 
was resuspended in 7 pi distilled water (pH not adjusted) and 
after extensive vortexing and leaving on ice, the contents of 
the 3 tubes pooled before running on a gel. 4 pi of gel 
loading buffer was added to the sample prior to running on a 
12 % polyacryamide electrophoresis gel (made according to the 
following recipe for three mini gels: 42 ml distilled h 7 o 8 
ml TBE buffer (a stock of 500 ml distilled water containing 
o4 g Trizma Base (Sigma T1503) 25 g Boric acid (Sigma B0252) 
20 ml 0.5 M EDTA pH8 (BDH 10093)), 24 ml 40% Acrylamide 

solution (BDH 44354), 6 ml of 2% N'N* methylene bis acrylamide 
solution (BDH 44355), 400 pi 15% Ammonium persulphate solution 
m distilled water (Sigma A7262), 100 pi TEMED (BDH 44308)). 

in Figure 7, lane A contains primers, these run faster 
on the gel than the thermally amplified 119 base pair fragment 
in lane B. Lanes C and D contain 5 pi and 15pl, respectively, 
of electrically amplified product, in lanes C and D high 
molecular weight M13 DMA is contained in the well there is 
some smearing of DNA in the upper part of the gel this is 
more pronounced in lane D. In both lanes, primers can be seen 
at the same mobility as in lane A, however in lane D 


35 



WO 92/04470 


PCT/GB91/01563 


-27- 


ixtensive "flaring" of the primers is observed. The amplified 
product can be seen in both lanes C and D at the same mobility 
as the thermally amplified sample in lane B. 

EXAMPLE 9 

Figure 8 shows the results from an electrochemical cell 
polymerase chain reaction (PCR) experiment carried out in the 
absence of promoter. The method used was essentially the same 
as for Example 8 with promoter described above except that no 
promoter is added to the cell and all additions of primer and 
reverse primer were of 3 pi each (not 6 pi as described above) 
and the experiment ran for 15 cycles. 

In Figure 8 lane A contains a thermally amplified 119bp 
product, lane B primers, and lane E stock M13 that is confined 
to the well due to its high molecular weight. Lanes C and D 
contain the product of electrical amplification. The 119 base 
pair amplified region is clearly visible at the same mobility 
on the gel as the thermally amplified product. The primers in 
lanes C and D run at the same mobility as lane B. The 
reduction of the amount of primers added in this experiment 
in comparison to the experiment illustrated in Figure 7 
reduces the flaring effect in the gel. 

EXAMPLE 10 

SK 'Blue script' (Stratagene) is a circular 2,964 base 
pair vector. it contains a polylinker region which contains 
the Ml3 primer binding sites between which the target region 
of DNA amplified in Examples 8 and 9 is located. 

use in this Example the blue script was linearised 
'■ 1 ®rng restriction enzyme Xmn 1; this cuts at site 2645. Thus 
to 80 prnoles of blue script, approximately 50 ug of DNA, 2.5 
pi of -0.13 M -Tris buffer pH 7.9 containing 0.13 M magnesium 
chloride and 0.3 M sodium chloride and 8 pi of Xmn 1 
restriction enzyme (Stratagene) was added. The mixture was 
incubated at 37 C overnight. After phenol chloroform 
extraction and ethanol precipitation the sample 
resuspended to 50 pi in distilled water. 


was 
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To the working compartment of the cell of Figure 1 was 
added 1.2 ml of distilled water, and 30vil of 100 mg/ml stock 
methyl viologen. 200pl of this mixture was pipetted into the 
reference compartment. 50 pi (approximately 45 pg) of 
restriction digested SK blue script was added to the working 
compartment of the cell and the electrodes were placed in 
their respective compartments. Denaturing was conducted for 
7 minutes at -IV, and the working and counter-electrodes were 
removed from the cell. After 3 minutes stirring, to allow the 
reoxidation of the methyl viologen (a lagphase), the reagents 
listed below were added. The nucleic acid was allowed to 
anneal and extend for 5 minutes, the first minute with 
stirring the subsequent 4 minutes in the absence of stirring. 
The denaturing, lag phase and reagent addition, annealing and 
extending step were repeated for 10 cycles, but in cycles 2-10 
the denaturation step was for 5 minutes. 

Addition of reagents: 

Cycle 1: 4 pi of 1.65 M Tris buffer pH 8.7 containing 

330 mM magnesium chloride 


13 pi of dATP, dGTP, dTTP and dCTP at 10 mM 
each in distilled water (CHASE) 

10 pi Of Klenow DNA polymerase - as in Example 
B 

25 o 

o pi of each of concentrated primer (2) 

Cycle 2-4 and 6-10 

5 pi of CHASE 

2.5 pi of Klenow DNA polymerase 
After the 10 cycles were completed, the sample was 
30 divided into three and ethanol precipitated, dried and 
resuspended in 15 pi of distilled water. The sample was run 
on a 12% polyacrylamide gel at a constant current of 100 mA 

for 1 hour. The gel was stained with ethidium bromide. The 
9 b 1 is shown in Figure 9. 

Both the thermally amplified product of M13, a 119 bp 
band, (run as a standard) and the primers can be clearly seen 
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in lanes B and C respectively. Due to the high concentration 
of DNA loaded on to lane A, the lane had high background but 
a band of greater than 119 bp could be clearlv seen. This 

band is the 200 bp amplified region of SK blue script. 
EXAMPLE 11 

The procedure of Example 10 was repeated except that 
further restriction digests were performed to produce 20 pg 
linear 3000 base pair bluescript DNA using Xmn 1, and 15 
pg of 450 base pair blue script DNA using Pvu 2 (Stratagene). 
The electrical PCR amplification process was performed in the 
absence of methyl viologen. A lag phase was not necessary and 
was omitted. 

The polyacrylamide gel is shown in Figure 10. 

ksne A contains a ' ladder marker 1 . a set of known DNA 

s ^ zes ' which is used to gauge the molecular weight of 
experimental samples. 

Lane B contains the 450 base pair electrically amplified 
’blue script* DNA. The temple.^ 450 base pai- band can be 
clearly seen, as can an amplified band of 200 ^ase pairs. 

Lane C contains the 3000 base pair linear electrically 
amplified 'blue script* DNA. The template DNA is confined to 
the well (as might be expected due to its 3000 base pair size) 
and an amplified band of 200 base pairs can clearly be seen. 

Many modifications and variations of the invention as 
specifically described above are possible within the scope of 
the invention. 
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CLAIMS 


10 
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1. A Process for denaturing double-stranded nucleic acid 
which comprises operating on solution containing said nuoleio 
acid with an electrode under condition such as to convert a 
substantial proportion of said nucleic acid to a wholly or 

single stranded form. 

2. A process as claimed in Claim l, wherein a potential of 

from -0.5 to -1.5 V is applied to said electrode with respect 
to said solution. 

3. A process as claimed in Claim 2, wherein said voltage is 
from -0.8 to -l.l v. 

4. A process as claimed in any preceding claim, wherein said 

electrode, a reference electrode and a counter-electrode are 

contacted with said solution and a voltage is applied between 

said electrode and said counter-electrode so as to achieve a 

desired controlled voltage between said electrode and said 
reference electrode. 

5. A process as claimed in any preceding claim, wherein the 
ionic strength of said solution is no more than 250 mM. 

6. A process as claimed in Claim 5, wherein the said ionic 
strength is no more than 100 mM. 

A process as claimed in Claim 5, wherein the said ionic 
strength is no more than 50 mM. 

s. A process es claimed in claim S, wherein the said ionic 
strength is no more than 25 mM. 

9. A process as claimed in Claim 5, wherein the said ionic 
strength is no more than 5 mM. 

10. A process as claimed in any preceding claim, wherein the 
solution contains or the electrode has on its surface a 
promoter compound which assists said denaturation. 

11. A process as'claimed in Claim 10. wherein said compound 
is methyl viologen or a salt thereof. 

12. A process as claimed in any preceding claim, wherein the 
electrode is of carbon, gold or platinum. 
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13. A process as claimed in any preceding claim, carried out 

at a temperature less than the melting point of the double- 
stranded nucleic acid. 

14. A process as claimed in Claim 13, carried out at about 
ambient temperatures. 

lo. A process as claimed in any preceding claim carried out 
at a pH of from 3 to 10, 

16. a process as claimed in Claim 15, carried out at a pH of 
about 7. 

17. a process as claimed in any preceding claim, wherein the 
nucleic acid is dissolved in an aqueous solution containing 
a buffer whose nature and ionic strength are such as not to 
interfere with strand separation of the nucleic acid. 

18. A process as claimed in any preceding claim, wherein said 
nucleic acid is DNA. 

19. A process as claimed in any preceding claim, wherein said 

process is carried out as a denaturing step in a nucleic acid 
amplification procedure * 

20. A process for amplifying a target sequence of nucleic 

acid comprising hybridisation amplification and denaturation 

of nucleic acid, wherein said denaturation is produced by 

operating on a solution containing said nucleic acid with an 
electrode. 

21. A process as claimed in Claim 20. which is a polymerase 

chain reaction amplification process or a ligase chain 
reaction amplification process. 

* 

22. a process for replicating a nucleic acid which comprises: 
separating the strands of a sample double stranded nucleic 
acid in solution under the influence of an electrical voltage 
applied to the solution from an electrode; hybridising the 
separated strands of the nucleic acid with at least one 
oligonucleotide primer that hybridises with at least one of 
the strands of the denatured nucleic acid; synthesising an 
extension product of the or each primer which is sufficiently 
complementary to the respective strand of the nucleic acid to 
hybridise therewith; and separating the or each extension 
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product from the nucleic acid strand with which it is 
hybridised to obtain the extension product. 

23. A process as claimed in Claim 22, which further involves 
repeating the procedure defined in Claim 22 cyclicly. 

24. a process as claimed in Claim 22 or Claim 23, wherein the 
hybridisation step is carried out using two primers which are 
complementary to different strands of the nucleic acid. 

25. A process as claimed in any one of Claims 22 to 24 

wherein the denaturation to obtain the extension products is 

carried out by applying to a solution of the extension product 
a voltage from an electrode. 

26. A process as claimed in Claim 22, for amplifying at least 
one specific nucleic acid sequence contained in a nucleic acid 
or a mixture of nucleic acids wherein each nucleic acid 
consists of two separate complementary strands, of equal or 
unequal length, which process comprises: 

(a) treating the strands with two oligonucleotide primers 

for each different specific sequence being applied,- under 

conditions such that for each different sequence being 

amplified an extension product of each primer is synthesised 

which is complementary to each nucleic acid strand, wherein 

said primers are selected so as to be substantially 

complementary to different strands of each specific sequence 

such that the extension product synthesised from one primer, 

when it is separated from its complement, can serve as a 

template for synthesis of. the extension product of the other 
primer: 

(b) separating the primer extension products from the 

templates on which they were synthesised to produce single- 

stranded molecules by applying a voltage from an electrode to 
the reaction mixture: and. 

(c) treating the single-stranded molecules generated from 
step (b) with the primers of step (a) under conditions such 
that a primer extension product is synthesised using each of 
the single strands produced in step (b) as a template. 
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27. A process for amplifying a target sequence of nucleic 

acid comprising cycles of hybridisation and denaturation of 

nucleic acid wherein said denaturation is produced by 

operating on a solution containing said nucleic acid with an 
electrode. 

28. A process as claimed in Claim 21 for amplifying a target 
nucleic acid comprising the steps of: 

(a) providing nucleic acid of a sample as single-stranded 
nucleic acid; 

(b) providing in the sample at least four nucleic acid 
probes, wherein: i) the first and second of : id probes are 
primary probes, and the third and fourth of said probes are 
secondary nucleic acid probes; ii) the first probe is a single 
strand capable of hybridising to a first segment of a primary 
strand of the target nucleic acid; iii) the second probe is 
a single strand capable of hybridising to a second segment of 
said primary strand of the target nucleic acid; iv) the 5' end 
of the first segment of said primary strand of the target is 
positioned relative to the 3’ end of the second segment of 
said primary strand of the target to enable joining of the 3' 
end of the first probe to the 5' end of the second probe, when 
said probes are hybridised to said primary strand of said 
target nucleic acid: v) the third probe is capable of 
hybridising to the first probe; and iv) the fourth probe is 
capable of hybridising to the second probe; and 

(c) repeatedly or continuously: i) hybridising said'probes 
with nucleic acid in said sample; ii) ligating hybridised 
probes to form reorganised fused probe sequences; and iii) 
denaturing DNA in said sample by applying a voltage from an 
electrode to the reaction mixture. 

29. A process for detecting the presence or absence of a 
predetermined nucleic acid sequence in a sample which 
comprises: denaturing a sample double-stranded nucleic acid 
by means of a voltage applied to the sample in a solution by 
means of an electrode; hybridising the denatured nucleic acid 
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with an oligonucleotide probe for the sequence; and 
determining whether the said hybridisation has occurred. 

30. a kit for use in a process of detecting the presence or 
absence of a predetermined nucleic acid sequence in a sample 

5 which kit comprises, an electrode, a counter electrode and 

optionally a reference electrode, and an oligonucleotide probe 
for said sequence. 

31. A kit for use in a process of nucleic acid amplification 
comprising an electrode, a counter electrode and optionally 

10 a reference electrode, and at least one primer for use in a 
PCR procedure, or at least one primer for use in an LCR 

procedure, and/or a polymerase or a ligase and/or nucleotides 
suitable for use in a PCR process. 
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